Types of theoretical models of bradykinesia
Theoretical models of bradykinesia fall under two major categories:
Verbal-conceptual models: using informal and natural language, these models describe the brain areas, pathways and interactions thought to lead to parkinsonian bradykinesia. Mathematical and computational models: using mathematical equations as a language, these models describe the interactions between the various brain areas involved in movement control and execution that are relevant in parkinsonian bradykinesia.
Verbal-conceptual models A very influential model of basal ganglia intrinsic organization was proposed by Albin and colleagues (1989) . In their model, motor cortical areas drive two different populations of striatal medium spiny output neurons. Striatal medium spiny output neurons containing Substance-P (SP) and D1-type dopamine receptors comprise the "direct" pathway and make contact with the basal ganglia output nuclei (the internal pallidal segment and the substantia nigra pars reticulata), whereas striatal neurons containing enkephalin (ENK) and D2-type dopamine receptors comprise the "indirect" pathway and contact the output nuclei via the GPe and STN. The direct pathway excites the motor cortex via the thalamus in the following way: cortical cells excite the striatum, which in turn inhibits cells in the SNr/GPi complex. The SNr/GPi complex inhibits cells in the thalamus through the inhibitory ansa lenticularis pathway. The thalamus, in turn, excites the cortex via glutamatergic projections. The indirect pathway opposes the direct pathway: cortically excited striatal neurons in the indirect pathway inhibit the cells of the globus pallidus externa (GPe), which tonically inhibits the subthalamic nucleus (STN). The STN, in turn, excites the SNr/GPi complex, which inhibits the thalamus. The end result of indirect pathway activation is decreased excitatory stimulation of the motor cortex, which results in reduced muscle activity.
According to the Albin et al. model, the balance of activity of the direct and indirect pathways is disrupted when dopamine is lost in the striatum, resulting in a reduction in GABAergic (inhibitory) transmission through the direct pathway, and an increase in GABAergic transmission through the indirect pathway, resulting in excessive activity of the basal ganglia output nuclei. Projections from these nuclei are GABAergic, acting to inhibit their thalamic targets; thus, a downstream consequence of striatal dopamine loss is excessive inhibition of the thalamic targets of basal ganglia output, which, in turn, may result in reduced activity of associated cortical areas, contributing to bradykinesia. Subsequent neuroanatomical observations painted a more complex picture of the intrinsic organization of BG structures:
Both populations of striatal medium spiny output neurones project to the GPe, via two separate pathways: (1) one pathway directly via ENK/D2 neurones, and (2) a second pathway formed by collaterals from the SP/D1 neuronal fibres innervating the basal ganglia output nuclei (Parent et al. 2000; Durieux et al., 2009; Bateup et al., 2010) ; GPe neurons directly contact GPi and SNr, as well as the STN (Smith et al 1998) ; GPe projects back to the striatum ); Since the mid-1970s it has been known that the STN receives not only GPe inputs, but also inputs from glutamatergic sources, including the frontal cortex (Monakow et al. 1978 ) and the pedunculopontine nucleus. The cortex-STN-GPi/SNr route of entry of cortical information into the basal ganglia was subsequently called the "hyperdirect" pathway (e.g., Nambu et al. 2002) .
The various BG components and their projections are topographically ordered (Mink, 1996) . Some projections such as the striato-nigral projection may be more focused, whereas others such as the subthalamo-nigral projection are more diffuse (Parent and Hazrati, 1993; Mink 1996) . The hyperdirect pathway provides a highly topographic excitation of the GPi (via the STN; Mink 1996) , which then may act to suppress related thalamic and cortical areas, potentially acting to inhibit unintended movements. In contrast, the direct pathway has been speculated to do the opposite, i.e. disinhibiting thalamic and cortical areas, allowing intended movements to proceed. The opposing actions of direct and indirect pathways are said to help with the selection of the appropriate motor programs. Excessive activation of the indirect and hyperdirect pathways and under-activity of the direct pathway may lead to greater inhibition of movement in general (including intended movements). Recent optogenetic studies of the direct and indirect pathways have reported that optogenetic activation of the indirect pathway causes bradykinesia (increased freezing or reduced locomotion), whereas activation of the direct pathway causes the opposite (Kravitz et al., 2010) . Repetitive optogenetic activation of the direct pathway reinforces the animal's movement, whereas repetitive activation of the indirect pathway prevents animals from moving (Kravitz et al., 2012) . During normal movement both the direct and indirect pathways have been recently reported to be concurrently activated (Cui et al., 2013) . These experimental observations extend the original model of Albin and colleagues (1989) . While attractive, this and other models of direct basal ganglia control of movement planning and execution are almost certainly too simplistic, because they do not take into account the fact that the activation of basal ganglia neurons is relatively late (often after the onset of EMG activity), so that their role in the selection of motor acts is doubtful. Some of the mathematical and computational models of the next section attempt to explain how dysfunction of these various interconnected BG structures may lead to bradykinesia.
Computational models Basal ganglia-thalamocortical interactions
In line with the models proposed by Albin and colleagues (1989) and Nambu (2002) , Contreras-Vidal and Stelmach (1995) introduced a detailed population-based model of basal ganglia-thalamocortical relations in normal and parkinsonian movements. The model's architecture was based on the direct, indirect and hyperdirect pathways schema of the basal ganglia. Activation of the direct pathway resulted in activation of thalamo-cortical motor circuits leading to modulation of movement, whereas activation of the indirect pathway led to braking of ongoing movement. Activation of the hyperdirect pathway facilitated rapid movement switching or the prevention of movement release (Contreras-Vidal, 2005) . Contreras-Vidal and Stelmach (1995) suggested that loss of striatal dopamine as it occurs in PD may lead to an imbalance in the downstream impact of the direct and indirect pathways, producing smaller-than normal basal ganglia output signals. In turn, basal ganglia output was thought to insufficiently activate otherwise normally functioning motor cortical and spinal sites, and produce weak and slow movements. Moroney and colleagues (2008) extended the previous model to investigate the factors that contribute to the slowness of movements of PD patients when they perform simple and complex voluntary movements. Excessive dopamine depletion in the striatum and loss of spatial segregation of neuronal populations operating as functionally independent modules somatotopically mapping particular body parts both contributed to slowness of movement and to a reduced ability to suppress unwanted movements. In their model, slowness of movement was the result of a reduced disinhibition of GPi, which resulted in an increased inhibition of the thalamus and a reduced activation of the agonist muscle moving the limb, whereas the reduced ability to suppress unwanted movements was the result of a decreased GPi activity that resulted in the increased facilitation of opponent thalamic centers and the co-contractions of opponent processing muscles moving the limb. They further showed that the therapeutic effects of deep brain stimulation (DBS) in STN could result from stimulation-induced inhibition of STN, partial synaptic failure of efferent projections, or excitation of inhibitory afferent axons.
Cortico-spino-muscular interactions
An alternative view to explain the observed abnormal slowness of movement in PD bradykinesia was proposed by Cutsuridis (Cutsuridis 2006a (Cutsuridis , 2006b (Cutsuridis , 2007 (Cutsuridis , 2010 (Cutsuridis , 2013 Cutsuridis and Perantonis 2006) . These works suggested that the abnormal slowness of movement in PD bradykinesia is due to inadequately activated motor cortical and spinal cord centres because of dopamine reduction not only in basal ganglia, but also in cortical and spinal sites. These models, which were also population-based models, were composed of two modules coupled together: (1) a cortical module, and (2) a spino-muscular module. Both modules and their corresponding neuronal components were modulated by dopamine. The cortical module computed the motor commands sent to the spino-muscular module. The spino-muscular module was an opponent processing control model of how spinal circuits afford independent voluntary control of joint stiffness and position. Both modules incorporated all known major neuronal populations in the modeled regions. In the model, the output of the basal ganglia drove the cortical module and gated the onset, timing, and rate of change of the primary motor cortical activity (motor command), which then controlled movement parameters such as movement initiation, speed and size. The model accounted for all physiological and behavioral phenomena described above ("Physiological and behavioral phenomena"). Model simulations showed that reduction of DA in cortical and sub-cortical motor areas disrupts, via several pathways, the rate of development and peak neuronal activity of primary motor cortical cells. These changes lead to delays in recruiting the appropriate level of muscle force sufficiently fast and cause a reduction of the peak muscle force required to complete the movement. Repetitive and sometimes co-contractive patterns of muscle activation are needed to complete the movement. These disruptions result in an abnormal slowness of movement.
Recently, Cutsuridis (2011) extended these models by investigating the origins of the experimentally observed repetitive and co-contractive pattern of muscle activation in Parkinson's disease (see "Physiological and behavioral phenomena" section; Doudet et al., 1985 Doudet et al., , 1990 Benezzouz et al., 1992; Hallett and Khoshbin, 1980) . Computer simulations showed that an oscillatory disrupted globus pallidus internal segment (GPi) response signal comprising at least two excitation-inhibition sequences as an input to a normally functioning cortico-spinal model of movement generation results in a repetitive, but not cocontractive agonist-antagonist pattern of muscle activation. A repetitive and co-contractive pattern of muscle activation results when dopamine is also depleted in the cortex. Finally, additional dopamine depletion in spinal cord sites results in a reduction of the size, duration and rate of change of the repetitive and co-contractive EMG bursts. These results have important consequences in the development of Parkinson's disease (PD) therapies such as dopamine replacement in cortex and spinal cord, which can alleviate some of the PD symptoms such as bradykinesia, rigidity and dystonia.
Conclusion
This entry describes a plethora of experimental observations from PD bradykinesia in humans and animals ranging across neuronal, electromyographic and behavioral levels and discusses related theoretical and computational models developed to reproduce and explain these findings. Some computational models of bradykinesia have focused entirely on the effects of dopamine depletion in the basal ganglio-thalamo-cortical relations, whereas others emphasize dopamine depletion in cortico-spino-muscular interactions. Future models will have to produce a more comprehensive and detailed neural model of basal ganglia-thalamo-cortico-spino-muscular interactions, in order to study more systematically the effects of dopamine depletion in these nuclei and integrate into a 'unified theory' all the known neurophysiological, EMG and behavioral observations associated with parkinsonism.
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